the cerebral cortex overlying the damaged white matter. Using a scoring system from 0 to 3, we assessed the density of 12/15-LOX-expressing cells in diffusely gliotic white matter from 20 to 43 postconceptional (PC) weeks in 19 PVL cases (median = 36 PC weeks) and 10 control (non-PVL) cases (median = 34 PC weeks). The density of 12/15-LOX-positive cells was significantly increased in the diffuse component of PVL (score = 1.17 ± 0.15) compared to controls (score = 0.48 ± 0.21; p = 0.014). Using double-label ICC, 12/15-LOX was observed in PVL in OLs of the O4 and O1 premyelinating stages, as well as in mature OLs as determined with the mature OL marker adenomatous polyposis coli (APC). In addition, 12/15-LOX expression was present in a population of CD68-positive activated microglia. There was no 12/15-LOX expression in reactive astrocytes. Finally we observed terminal deoxynucleotide transferase dUTP nick end-labeling-positive cells within the white matter of PVL that expressed 12/15-LOX and/or within close proximity of 12/15-LOX-positive cells. Our data support a role for 12/15-LOX activation as an inflammatory mediator of injury in PVL, with a contribution of 12/15-LOX to PVL-induced damage to or cell death of OLs, including those at the O1 and O4 stages. 
Introduction
The occurrence of brain injury in the human neonate, particularly in the setting of prematurity, is associated with devastating outcomes, including mortality and lifelong neurological deficits. Periventricular leukomalacia (PVL), a lesion of the immature cerebral white matter, is the predominant pathological substrate of the motor and cognitive disorders in long-term survivors of prematurity [1] [2] [3] . Pathologically, PVL is composed of a focally necrotic component in the deep periventricular white matter characterized by loss of all cellular elements, and a diffuse component in the surrounding white matter characterized by reactive astrogliosis and microgliosis [4] . While necrotic lesions are still seen at autopsy, with advancements in neonatal care, their pathological features have changed from grossly visible, large cystic cavities, to now smaller, noncavitating focal lesions visible only at the microscopic level and potentially below the level of detection in conventional neuroimaging [5] [6] [7] [8] . Of particular interest in PVL is the effect of white matter damage on the developing, premyelinating oligodendrocytes (pre-OLs). In the diffuse component of PVL, damage to pre-OLs is thought to underlie the myelin deficits seen in long-term survivors of prematurity [3] . This is supported by the finding in the human of acute pre-OL loss in PVL [9] [10] [11] .
While promising therapies are being tested in the human and in animals [12] [13] [14] [15] [16] , there are currently no drug interventions that completely prevent or ameliorate white matter damage in the premature infant.
The causes of PVL are complex and likely include cerebral ischemia and reperfusion with the contribution of maternal infection with fetal/neonatal systemic inflammation in some cases [2, [17] [18] [19] [20] . Given its involvement in both hypoxia-ischemia (H-I) and inflammation/infection, a major area of interest in PVL is the role of oxidative stress in the development of white matter injury and OL damage. While evidence of oxidative stress has been shown in PVL [9, 10] , the sources of reactive oxygen species (ROS) in PVL are currently unknown. One potential source of ROS is 12/15-lipoxygenase (12/15-LOX), which catalyzes the addition of oxygen to arachidonic acid (AA) yielding oxidized derivatives, including hydroperoxyeicosatetraenoic acids. In addition, 12/15-LOX can directly oxidize and damage organelle membranes, causing cell death through mitochondrial injury [21, 22] . Under conditions of H-I, AA levels in the brain increase due to an increased activation of phospholipase PLA 2 which releases AA from cellular membranes [23] [24] [25] [26] . In the neonatal rat brain, the RNA encoding leukocyte-type 12-LOX (the rodent isoform of human 12/15-LOX) is also increased under hypoxic conditions [27] , which in the setting of increased AA can result in excessive AA metabolism. Upregulation of 12/15-LOX is an inflammatory response to H-I injury and the metabolism of free AA by 12/15-LOX can serve as a source of oxidative stress through the production of unstable byproducts which can function directly as ROS [28, 29] . In addition to these proinflammatory mediators, 12/15-LOX can, in conjunction with other enzymes, also generate inflammation-limiting lipoxins, resolvins and protectins, which have been proposed to cause resolution of inflammation [30] [31] [32] . Besides tissue-damaging effects, protective effects of 12/15-LOX upregulation can thus not be excluded a priori. Interestingly, 12/15-LOX can also directly oxidize AA and other fatty acid substrates esterified as phospholipids resulting in lipid peroxidation of cellular membranes [33, 34] .
Important to the role of 12/15-LOX in PVL, under conditions of glutathione depletion, a known consequence of H-I, culture studies have shown that 12/15-LOX activity increases in pre-OLs [35] and that inhibition of 12/15-LOX prevents ROS accumulation and pre-OL cell death [35] [36] [37] . These animal observations strongly suggest a role for 12/15-LOX in pre-OL damage in PVL, underscoring that inhibition of this enzyme is a therapeutic candidate aimed at the prevention of oxidative stress in PVL in human infants. Prior to the consideration of 12/15-LOX in translational research, however, evidence of the involvement of 12/15-LOX in human PVL must be shown.
In the following study, we examined the expression of 12/15-LOX in PVL in human infants during the second half of gestation. While 12/15-LOX expression has been shown in the human adult brain [38, 39] , little is known in regard to 12/15-LOX expression during human brain development or in the setting of human neonatal brain damage. We hypothesized that the density of 12/15-LOXimmunopositive cells is significantly increased in the diffuse component of PVL compared to controls adjusted for age. While we report on findings in both the focal and diffuse lesion, we focused predominantly on the diffuse component, because damage to the diffuse component may result in the global neurological deficits seen in longterm survivors of prematurity [1] . We examined the expression of 12/15-LOX in inflammatory cells of the white matter, i.e. microglia and reactive astrocytes. In addition, we examined 12/15-LOX expression in OLs of the O4 and O1 premyelinating stages in order to determine if this enzyme is upregulated in this vulnerable cell population in association with the inflammatory changes of PVL.
Materials and Methods

Clinicopathological Database Information
Cases were collected from the autopsy services of the Departments of Pathology, Boston Children's Hospital and Brigham and Women's Hospital with parental permission according to the Institutional Review Board protocol. Archival, paraformaldehydefixed, paraffin-embedded brain tissue from either the parietal, occipital, or frontal lobes of 19 PVL cases and 10 controls (i.e. lacking PVL) were used for all single-label immunocytochemistry (ICC) and for all double-label ICC with the exception of O4 and O1 OL immunostaining and deoxynucleotide transferase dUTP nick end-labeling (TUNEL) methodology. In the immunostaining with O4 and O1 markers, paraformaldehyde-fixed, non-paraffin-embedded tissue from the parietal-occipital lobes of 5 PVL cases and 4 controls was used. TUNEL staining in combination with 12/15 immunocytochemistry utilized, frozen tissue from the parietal-occipital lobes of 6 PVL and 3 control cases. All cases were classified as PVL or control (non-PVL) by the systematic examination of standardized microscopic sections, stained with conventional hematoxylin-eosin/Luxol-fast-blue, from each brain and spinal cord. As in other studies from our laboratory [9, 40, 41] , PVL was defined as a lesion of the immature cerebral white matter with focal and diffuse components in combination (see above). The control cases were defined as perinatal deaths in which neuropathological examination did not reveal PVL; in these cases, there were no or minimal neuropathological changes in the white and gray matter.
Single-Label ICC
An affinity-purified polyclonal anti-12/15-LOX antibody raised in rabbits was used [42] . Standard methods in deparaffinized tissue sections (5 μm ) were performed. Briefly, antigen retrieval involved 10 min of microwave at 90 ° C in citrate buffer, pH 6.0. After retrieval, sections were treated with a dual endogenous enzyme block (Dako, Carpinteria, Calif., USA) to inhibit endogenous peroxidase activity followed by a 1-hour protein block in phosphate-buffered saline (PBS) with 4% normal goat serum. Sections were incubated overnight at 4 ° C in primary antibody diluted 1: 200 in protein block solution. After sections had been washed in PBS + 0.1% Tween 20, biotinylated goat anti-rabbit secondary antibody (Vector Laboratories, Burlingame, Calif., USA) was applied at 1: 200 dilution for 30 min at room temperature. Sections were washed and incubated for 30 min in ABC reagent (Dako) followed by diaminobenzidine (DAB) detection. Negative controls omitted the primary antibodies.
Grading Method for Single-Label ICC
Grading of the cell density (positive cells per high-power field, HPF) of single-labeled tissue sections was performed in both PVL and control tissue, as previously reported by us [9, 40, 41] . After a survey of the entire section, immunopositive cells per HPF (magnification ×40) were counted in 3-5 fields within the most intensely stained area of tissue within the periventricular white matter. The 3 fields were averaged and given an overall standardization score as follows: 0 = no cell staining; 0.5 = 0-1 immunopositive cells/HPF; 1 = 2-10 cells/HPF; 2 = 11-20 immunopositive cells/ HPF; 3 = >20 cells/HPF. Only cells with a well-defined nucleus and 12/15-LOX-stained cytoplasm were counted as positive. Cells with nuclear-only staining were not considered in this quantitative analysis. In PVL cases, the quantitated fields were in the diffuse component only; the focal necrotic lesion was not included in any scoring. Given the obvious nature of white matter pathology in PVL, it was not possible to score 12/15-LOX-immunopositive cells blinded to diagnosis.
Double-Label ICC in Paraffin-Embedded Tissue
Antigen retrieval was performed as described above in 4-12 PVL cases. Tissue was blocked in PBS containing 5% goat serum and 0.05% Triton X-100 for 1 h at room temperature, and incubated overnight at 4 ° C in blocking solution containing antibodies to 12/15-LOX and one of the following monoclonal antibodies: astrocytic marker glial fibrillary acidic protein (GFAP, 1: 5,000; Covance, Princeton, N.J., USA), microglial marker tomato lectin (1: 200; Vector Laboratories), activated microglial marker CD68 (1: 25; Cell Marque, Rocklin, Calif., USA), or mature OL marker adenomatous polyposis coli (APC, 1: 25; Millipore, Billerica, Mass., USA). After a series of washes, the tissue was incubated in blocking solution containing Alexa-Fluor goat anti-rabbit 488 and AlexaFluor goat anti-mouse 590, both at a concentration of 1: 1,000 (Molecular Probes, Eugene, Oreg., USA). Immunofluorescence was visualized with the Olympus BX51 microscope (Olympus America Inc., Melville, N.Y., USA). Images were captured with a Cool SNAP fx camera (Photometrics, Tuscan, Ariz., USA) and MCID Elite 6.0 software (Life Sciences, Piscataway, N.J., USA).
Double-Label ICC for O4 and O1
Double labeling with monoclonal antibodies O4 and O1 for detection of OLs [43] was performed using paraformaldehydefixed, free-floating sections. Paraformaldehyde-fixed tissue was cryoprotected in PBS containing 30% sucrose and frozen. Frozen tissue was cut on a cryostat at 40 μm and collected in cold PBS. Tissue was incubated with either O4 or O1 antibody [43] in PBS containing 5% goat serum overnight at 4 ° C, followed by a 1-hour incubation in Alexa-Fluor goat anti-mouse 594 IgM antibody (Molecular Probes). Tissue was then incubated with anti-12/15-LOX in PBS containing 5% goat serum/0.1% Triton X-100 overnight at 4 ° C. Sections were mounted onto slides and immunofluorescence was visualized as above.
Quantitation of O4 and O1 Double-Label ICC
Sections double-labeled with 12/15-LOX and O4 or O1 OL markers were examined to determine the percentage of O4 and O1 OLs that expressed 12/15-LOX. Sections were stained as described above. After a survey of the entire section, 5-10 fields (magnification ×40) within the most intensely stained area of tissue within the periventricular white matter were examined. The percentage of O4/O1-positive cells that expressed 12/15-LOX was determined by counting all O4/O1-positive cells that expressed 12/15-LOX and dividing that by all cells that expressed O4/O1.
TUNEL Combined with 12/15-LOX ICC
Frozen tissue was sectioned in the cryostat at 30 μm. Tissue was fixed for 10 min in 4% paraformaldehyde in PBS followed by three 5-min washes in PBS. TUNEL was performed using the Apop Tag Plus Fluorescein In Situ Apoptosis Detection Kit (Millipore) according to the manufacturer's instruction. Following TUNEL, tissue was blocked in PBS containing 5% goat serum and 0.05% Triton X-100 for 1 h at room temperature, and incubated overnight at 4 ° C in blocking solution containing the antibody to 12/15-LOX at 1: 200. After a series of washes, the tissue was incubated in blocking solution containing Alexa-Fluor goat anti-rabbit 590 at a concentration of 1: 1,000 (Molecular Probes).
Statistics
Age-adjusted differences in PVL relative to controls were assessed using analysis of covariance (ANCOVA) adjusting for postconceptional (PC), postnatal (PN), and gestational age.
Results
Clinical Database
For all immunochemical analyses in frozen or paraformaldehyde-fixed, paraffin-embedded and non-paraffinembedded tissue, we analyzed 12/15-LOX expression in the cerebral white matter of 28 cases of PVL and 15 control cases without PVL ( table 1 
Neuropathology of PVL
Each of our PVL cases were designated as such based on the presence of a focal necrotic lesion within the white matter. The stage and degree of severity of the focal necrosis varied, however, reflecting the typical spectrum of this pathology in our autopsy service. 54% (15 out of 28) of the PVL cases had recognizable focal periventricular necrosis at the time of brain cutting ( table 1 ). These were described grossly as either cystic lesions or chalky-white foci of necrosis, the classic so-called 'white spots' of PVL. In the remaining 46% of the total PVL cases in this series (13 out of 28), the necrotic foci were detected only microscopically and varied in size up to approximately 2 mm ( table 1 ) .
Normative Expression of 12/15-LOX
In the time frame examined, the second half of gestation, there was little 12/15-LOX expression in the white matter of controls as seen in paraformaldehyde-fixed, paraffin-embedded cases (n = 10). Scattered positive cells were detectable in 4 out of 10 control cases and were given density scores of either 0.5 or 1 as indicated: case 9 at 34 PC weeks (density score of 0.5); case 12 at 38 PC weeks (density score of 1.0); case 14 at 40 PC weeks (density score of 0.5), and case 15 at 43 PC weeks (density score of 1.0). There were 6 control cases from 20 to 34 PC weeks which showed no staining within the white matter (density score of 0) as scored in the DAB-stained sections. In the cases with 12/15-LOX-positive cells, we examined 12/15-LOX expression in microglia using an antibody to tomato lectin, a general microglial marker that labels resting and activated microglia. Of the scattered 12/15-LOX-expressing cells, approximately 80% showed colocalization with tomato lectin ( fig. 1 a) . In these same cases, we looked for colocalization with CD68, an antibody which marks phagocytic macrophages and reactive microglia, and found little expression of CD68 (data not shown). In control cases, we also examined the expression of 12/15-LOX in pre-OLs of the O4 and O1 stage. We did identify scattered O4-and O1-positive OLs with 12/15-LOX expression ( fig. 1 b) . In the cerebral cortex, positive cell bodies of neurons were detected in 3 out of 10 DABstained controls (30%) at 34 (case 10), 40 (case 14) and 43 (case 15) gestational weeks ( fig. 1 c and 1d ). In these cases, there were neuronal cells of granular and pyramidal morphology expressing 12/15-LOX in all layers of the cortex. The presence of these 12/15-LOX-positive cells was seemingly random throughout the cortex examined.
Cell-Specific Expression of 12/15-LOX in the Focal and Diffuse Components of PVL
In the paraffin-embedded PVL cases, we identified 12/15-LOX expression in large round cells morphologically consistent with macrophages and/or ameboid microglia within and around the focally necrotic lesions. These cells were confirmed as macrophages/ameboid microglia by colocalization with CD68 ( fig. 2 ).
In the diffusely gliotic component of PVL surrounding and distant from the focal necrosis, we found 12/15-LOXpositive cells in the white matter. These cells had the morphological appearance of microglia characterized by bipolar thick processes [44] ( fig. 3 a) , or of OLs characterized by a central, dark, round, and small nucleus and often with a 12/15-LOX-stained process extending towards an axon ( fig. 3 a) . We also observed scattered cells of unknown type with 12/15-LOX-positive nuclei in the white matter of PVL cases ( fig. 3 b) . The 12/15-LOX expression appeared qualitatively increased in the white matter in PVL ( fig. 3 a, b) compared to controls ( fig. 3 c) .
To confirm this visual difference, we used a semiquantitative scoring system of 0-3 and found a significant increase (p = 0.014) in the density of 12/15-LOX-expressing cells in PVL (score of 1.17 ± 0.15 cells/HPF) compared to fig. 4 ) . Examination of the number of cases scored 0-3 revealed a larger number of control cases with scores of 0 and 0.5 (n = 8 out of 10; 80%) relative to the PVL cases which showed an increased number of cases with scores of 1 and 2 (n = 15 out of 19; 79%). ANCOVA showed no effect of postmortem interval (p = 0.15) in a model that controlled for diagnosis. Of note, there was no significant expression of 12/15-LOX in the cerebral cortex of PVL cases (data not shown). In the diffuse component of PVL, we used double-label ICC to examine the cell-specific expression of 12/15-LOX. Using CD68, in the PVL cases we found that while a population of CD68-positive reactive microglia colocalized with 12/15-LOX ( fig. 5 a) , there was a population of reactive microglia that did not express 12/15-LOX ( fig. 5 b) . In a quantitative analysis of 5 PVL cases, we found that an average of approximately 75% (range of 43-96%) of CD68-positive reactive microglia colocalized with 12/15-LOX. The percentages of CD68 cells that were positive for 12/15-LOX are listed for each case quantitatively examined ( table 2 ) . Using GFAP as a marker of reactive astrocytes, we found no colocalization with 12/15-LOX in GFAP-positive cells throughout the white matter of PVL ( fig. 5 c) .
We examined 12/15-LOX expression in O4-positive pre-OLs and O1-positive immature OLs in 5 PVL cases ranging from 29 to 41 postconceptional weeks. We found colocalization of 12/15-LOX with both O4 and O1 OLs ( fig. 6 ). In the population of O4-positive pre-OLs, approximately 10% (range of 6-15%) of OLs expressed 12/15-LOX ( table 3 ). In our analyses of O1 cells, we found the number of O1 cells (average of 1-3 cells/HPF) to be low compared to O4 cells (average of 4-8 cells/HPF). Within this very small population of O1 cells, however, we did see occasional cells expressing 12/15-LOX ( table 3 ) . In PVL cases, we also examined the expression of 12/15-LOX in mature OLs. 12/15-LOX expression was seen in cells with the morphological appearance of mature OLs characterized by a central, dark, round, and small nucleus and perinuclear halo, the so-called fried egg appearance of mature OLs [45] ( fig. 7 ) . Expression was also found in these cells with 12/15-LOX-positive processes extending towards axons ( fig. 7 ) . We found colocalization of 12/15-LOX with the mature OL marker APC ( fig. 7 ) . Because APC also labels reactive astrocytes (which are negative for 12/15-LOX), we were unable to get an estimate of the number of mature OLs that express 12/15-LOX.
Lastly we examined the relationship between 12/15-LOX expression and cells undergoing cell death using TUNEL methodology combined with 12/15-LOX ICC. In the PVL cases examined (n = 6), we found scattered TU-NEL-positive cells that expressed 12/15-LOX throughout the damaged white matter ( fig. 8 a) . We also found cells positive only for 12/15-LOX in the vicinity of cells that were positive only for TUNEL ( fig. 8 b) . While this latter pattern was seen in all PVL cases examined, each of those PVL cases also had clusters of cells positive only for 12/15-LOX and clusters of cells positive only for TUNEL (data not shown). Also identified in the PVL cases were scattered, albeit rare, cells with nuclear colocalization of TU-NEL and 12/15-LOX ( fig. 8 c) . In the control cases examined (n = 3), we did identify scattered, rare TUNEL-positive cells in the white matter. Very little 12/15-LOX expression was seen in the controls.
Discussion
In this study, we present novel evidence for a potential role of 12/15-LOX in the pathogenesis of PVL directly in the developing human brain, with important implications for translational research. In this study, we demonstrate expression of 12/15-LOX in the damaged white matter of cases with PVL during the second half of gestation. Constitutive expression of 12/15-LOX is low as seen in adult human cortical neurons [38, 39] and in mature neurons [46, 47] , OLs [48] and astrocytes of animal models [47, 48] . This low constitutive level, however, increases significantly in rodent models of transient focal ischemia [42, 46, 49, 50] and in human Alzheimer's disease [38] and stroke [39] , thus implicating 12/15-LOX in the pathology of these conditions. Lipoxygenases are involved in the metabolism of AA to form oxidized derivatives of AA and leukotrienes. The best-characterized role for LOX activity in the brain is the generation of metab olites in inflammatory responses. Below we discuss the potential significance of our finding of 12/15-LOX expression in inflammatory cells within the damaged white matter in PVL, specifically macrophages and activated microglia. We also discuss the implications of our finding of expression of 12/15-LOX in OLs of different stages in PVL in terms of OL loss or damage and potential therapeutic targets for myelin deficits in long-term survivors of PVL.
12/15-LOX in Development
In our control tissue, we saw 12/15-LOX expression in scattered resting (tomato lectin-positive/CD68-negative) microglia, scattered and rare O4-and O1-positive OLs, and cortical neurons beginning at 34 gestational weeks. The lack of expression prior to 34 gestational weeks suggests a temporal development of constitutive 12/15-LOX expression within these cells with onset in the third trimester. In studies of mature neurons, evidence suggests a role of 12/15-LOX in synaptic plasticity and neurotransmission [51] [52] [53] . Given this evidence, the expression of 12/15-LOX in a population of neurons in our older (>34 gestational weeks) controls may represent the onset of a mature constitutive, yet low expression of the enzyme. The expression of 12/15-LOX in the small subset of microglia may represent a developmental expression consistent with the developmental changes occurring in the microglial population during this period of time [44] . The function of 12/15-LOX expression in developing OLs is currently unknown. Alternatively, the scattered expression in each of these cell types may represent mild pathological changes in our controls associated with terminal complications, given that the controls are comprised of infants with systemic illnesses likewise complicated by hypoxia but without PVL, as in virtually all autopsy studies of the neuropathology of prematurity [54] .
12/15-LOX in OLs in PVL
In this study, we observed 12/15-LOX expression in PVL in OLs of all stages of cell lineage. In rat cultures of O4-positive pre-OLs, 12/15-LOX expression plays a role in OL cell death under conditions of oxidative stress [35, 37, 55] . Glutathione depletion results in an increase in 12/15-LOX activity, ROS accumulation, and OL cell death [35] . Inhibition of the 12/15-LOX activity, on the other hand, effectively blocks both the production of ROS and pre-OL cell death [35] . Our finding of 12/15-LOX expression at all stages of OLs suggests that each stage is potentially vulnerable to 12/15-LOX-mediated cell damage. An increase in resistance of mature OLs in cultures to oxidative stress-induced cell death [56] [57] [58] [59] [60] , however, suggests that mature OLs in PVL are likely to be more resistant despite their expression of 12/15-LOX. This is likely due to increased cellular defenses at more developed stages of OL lineage [61, 62] .
In PVL, we and others have shown an acute loss of pre-OLs in the diffuse component [9] [10] [11] with further evidence of apoptotic pre-OL cell death as determined by TUNEL staining [9, 10] . In addition, we have shown evidence of oxidative injury directly in OLs of the diffuse component of PVL, as determined by the presence of the lipid peroxidation marker 4-hydroxynonenal [9] . Given our finding of 12/15-LOX expression in OLs, we hypothesize two different models for 12/15-LOX-mediated OL cell death in PVL. The first model involves the [42] . We also detected scattered cells with TU-NEL-positive cells with nuclear localization of 12/15-LOX, suggesting that at least some of the cells with nuclear colocalization are in the process of dying. Further analyses need to be done in PVL to examine this population of cells in regard to cell-specific expression and possible apoptosis-inducing factor colocalization. Of note, while acute pre-OL cell loss has been shown in PVL [9] [10] [11] , evidence in human [65, 66] and in perinatal rodent models [67] suggests that this loss is compensated for, likely by proliferation of surviving pre-OLs [67] .
12/15-LOX in Inflammatory Cells of PVL
In this study, we show that 12/15-LOX is expressed in macrophages/activated microglia of the focal necrosis and in a subpopulation of reactive microglia of the diffuse component of PVL. It is unclear as to what accounts for the differences in the 12/15-LOX-expressing and nonexpressing microglia. One possibility is that the different expression patterns of 12/15-LOX reflect a distinct timing of expression in the process of microglial activation. Alternatively, the two distinct populations are of different inflammatory reaction-related phenotypes, specifically M1 microglia classically activated by microbial compounds or proinflammatory cytokines to produce more proinflammatory cytokines, or M2 alternatively activated microglia with an anti-inflammatory phenotype promoting tissue repair [68] [69] [70] . A characterization of these different phenotypes relative to 12/15-LOX expression is currently under way.
Whether M1 or M2 microglia, the expression of 12/15-LOX by microglia may play a critical role in their downstream inflammatory responses which are activated initially by H-I and/or systemic infection [2, [17] [18] [19] [20] . Activation of 12/15-LOX within the microglia may serve as a potent source of ROS in PVL, and widespread release of ROS by activated microglia within the diffuse component of PVL may play an important role in OL damage. We and others have shown evidence of oxidative stress in the white matter of PVL [9, 10] ; the current findings suggest that 12/15-LOX upregulation in microglia constitutes at least one important source of this stress. Alternatively, we cannot rule out the possibility that a population of 12/15-LOX-expressing microglia may have an anti-inflammatory role given that 12/15-LOX can, in conjunction with other enzymes, generate inflammation-limiting lipoxins, resolvins and protectins [30] [31] [32] . Of note, 12/15-LOX, in response to interleukin 4, induces the expression of peroxisome proliferator-activated receptor γ and the subsequent transcription of macrophage-expressed CD36, an antigen associated with the M2 anti-inflammatory phenotype [71] .
In PVL, we found no expression of 12/15-LOX in reactive astrocytes in the diffuse component of PVL. This is consistent with animal models of stroke [50] , but differs from the finding of 12/15-LOX expression of reactive astrocytes in Alzheimer's disease [38] . Interestingly, 12-LOX mRNA is significantly increased in cultured rat neonatal astrocytes following hypoxia and reoxygenation [27] . In our study, we did not examine mRNA levels of 12/15-LOX and, therefore, cannot rule out the possibility of increased transcription of 12/15-LOX in astrocytes of PVL. However, the lack of 12/15-LOX protein expression in astrocytes suggests that 12/15-LOX activity does not play a role in the astrocytic inflammatory response in PVL [50] .
Lack of 12/15-LOX Expression in the Cerebral Cortex in PVL
In our studies, we surprisingly did not see 12/15-LOX expression in neurons of the cerebral cortex in PVL. This differs from the finding of 12/15-LOX expression in entorhinal cortical neurons in Alzheimer's disease [38] and in mouse models of transient focal ischemia [42] . It also differs from findings in neuronal cultures showing an involvement in 12/15-LOX activity in models of injury induced by glutathione depletion [22, 42, 72] and peroxynitrite exposure [73] . In PVL, involvement of the cerebral cortex overlying injured white matter is now evident with volumetric MRI studies showing a reduction in volume [2, [74] [75] [76] [77] [78] [79] . There is also pathological data in noncystic PVL showing evidence of neuronal loss and gliosis in the cerebral cortex [6] and a decrease in layer 5 pyramidal neurons in PVL compared to controls [7] . In each of these findings, it is uncertain whether the neuronal damage is primary or constitutes, rather, regressive changes secondary to the underlying white matter (axonal) damage. A third finding, however, of subtle but significant oxidative stress in cortical neurons overlying PVL [80] suggests that cortical neurons may, to some degree, be directly injured. In this case, our data suggests that this injury does not involve 12/15-LOX-mediated events. Alternatively, 12/15-LOX may be involved, but the timing of upregulation is such that 12/15-LOX-mediated cell death occurs early in the development of the injury, prior to demise, thus precluding these cells from our analyses. 
12/15-LOX in Systemic Inflammation/Infection
In addition to H-I injury, 12/15-LOX is involved in the inflammatory response to certain pathogenic infections [81] [82] [83] and in response to stimulation by bacterial wall component lipopolysaccharide (LPS) [84, 85] . In our study, given the number of PVL cases with infection alone or in the setting of H-I, we cannot rule out the possibility that the increase in 12/15-LOX-positive cells in PVL was, in part, a response to infection.
Conclusion
In this study, we present evidence of a 12/15-LOX-mediated pathway in OL cell death and/or damage in PVL during the second half of gestation. 12/15-LOX expression in PVL likely represents a cell-specific inflammatory response to the pathogenic mechanisms involved in PVL, i.e. H-I and systemic inflammation/infection. While this pathway has been identified as a potential target for therapy in animal and cell culture, confirmation of the 12/15-LOX pathway directly in the human neonate in this study offers potential new avenues for therapeutic targets that can help ameliorate or reduce damage and/or loss to the OLs.
